Objective. Epidemiological studies have shown an association between OA and increased BMD. To explore the nature of this relationship, we examined whether the risk of OA is increased in individuals with high bone mass (HBM), in whom BMD is assumed to be elevated due to a primary genetic cause.
Introduction
OA is one of the 10 most disabling diseases in developed countries, with symptomatic OA estimated to affect 9.6% of men and 18% of women aged over 60 worldwide [1] . Rates of joint replacement surgery (for which the main indication is OA) are also increasing; in 2010, 81 979 knee replacements and 76 759 hip replacements were recorded within the National Joint Registry for England and Wales [2] .
An inverse association between OA and osteoporosis is widely reported. Numerous studies have examined the relationship between BMD and OA, with several reviews [35] . The most studied joints are the hip and knee, with the majority of studies finding positive evidence of a relationship between OA at these joint sites and increased hip and/or lumbar spine BMD [69] . Higher BMD has also been reported in association with OA of the spine [10] and hand [8, 9, 11] . Studies have generally reported a difference in BMD between OA cases and controls no greater than 10% [6, 7, 9] . For example, a cross-sectional analysis of middle-aged women recruited from a general practice register in London reported an increase in lumbar spine BMD ranging from 3.0% to 9.3% and femoral neck BMD from 1.3% to 6.3% in women with radiographic OA compared with controls, depending on joint site [9] . Similarly, in an older Dutch population, femoral neck BMD was increased 38% in subjects with radiographic knee and hip OA compared with controls [7] . While earlier studies were mainly cross-sectional, recently several longitudinal studies have confirmed an increased incidence of radiographic knee OA associated with higher BMD [1215] .
However, opinion regarding the OABMD relationship lacks consensus. Although increased BMD is associated with an increased risk of incident OA, some longitudinal studies have reported an inverse relationship with progression of existing OA [13, 15] . Both increased [7] and decreased [10, 12] rates of bone loss over time have been reported in individuals with radiographic OA compared with controls. Furthermore, the vast majority of publications have used a radiographic definition of OA relying heavily on the presence of osteophytes. Several studies have observed a stronger relationship of BMD with osteophytosis than with joint space narrowing, the radiographic feature most indicative of cartilage loss [6, 11, 16] . Some authors have speculated that higher BMD may be associated specifically with osteophyte formation rather than true OA, possibly reflecting a bone-forming phenotype [3] .
Alternatively, the observed OABMD association could be artefactual. Osteophytes and subchondral sclerosis at DXA sites (e.g. lumbar spine) could lead to falsely elevated BMD measurement. Or OA may be associated with increased bone size [17, 18] , leading to overestimation of areal BMD where no true increase in volumetric BMD exists [18] . Therefore the true nature of the relationship between OA and BMD remains a topic of active research interest.
Several uncommon single gene disorders (e.g. sclerosteosis [19] , LRP5 mutations [20] ) are associated with markedly elevated BMD. However, we have recently reported that high bone mass (HBM) may, more commonly, be an incidental finding on routine DXA scanning; only half of cases (approximately) being explained by artefact [21] . This investigation has led to the establishment of a rare UK-based population of individuals with unexplained HBM; genetic evaluation is currently under way. Compared with unaffected family and spouse controls, individuals with HBM have several features suggestive of a mild skeletal dysplasia, including broad frame, mandible enlargement, increased shoe size and extra bone at tendon and ligament insertions [21] .
In this study we aimed to investigate the presence of clinical indicators of OA in a population with unexplained high BMD of likely genetic origin. To achieve this, we compared the prevalence of several OA-related phenotypes, including a history of joint replacement surgery, between HBM cases and controls. The prevalence of joint replacement in older HBM cases (565 years) was also compared with general population joint replacement data from the Health Survey for England (HSE) 2005.
Methods

Recruitment and HBM definition
The HBM study is a UK-based multicentre observational study of adults with unexplained HBM. Full details of DXA database screening and participant recruitment have previously been reported [21] (Fig. 1) . Briefly, 335 115 DXA scans from 13 UK DXA databases were initially screened for T-and/or Z-scores 5+4 in the hip and/or lumbar spine. Potential cases were identified prospectively at two further centres. As part of the screening process, scans were visually inspected to exclude identifiable causes of raised BMD on DXA; 49.4% of inspected scans were excluded due to the presence of degenerative disease/OA/scoliosis. Index cases with unexplained HBM were recruited and asked to invite relatives and spouses to undergo DXA screening. DXA referral indications in the HBM population have previously been shown to be similar to that in the general population [21] . Recruitment ran from September 2008 to April 2010. Participants were excluded if under 18 years of age, pregnant or unable to provide informed consent. Written informed consent was obtained from all participants in line with the Declaration of Helsinki [22] and the study was approved by the Bath multicentre Research Ethics Committee (REC) and each NHS local REC.
The definition of HBM in index cases was either L1 Z-score 5+3.2 plus total hip Z-score 5+1.2, or total hip Z-score 5+3.2 plus L1 Z-score 5+1.2. In first-degree relatives of HBM index cases, given established positive affection status within the family, the definition of HBM was a summed L1 Z-score plus total hip Z-score 5+3.2. Spouses were classified according to the index definition. While no standard definition of HBM currently exists, a similar approach has previously been used for defining HBM [20] , and this threshold was felt to most appropriately differentiate cases from controls within our study population [21] . The L1 lumbar vertebra was selected as, in contrast to lower lumbar levels, it was not found to be associated with the presence of lumbar spine OA assessed on DXA images [21] . Applying this definition, 41% of relatives screened were affected and thus combined with HBM index cases. Remaining first-degree relatives served as the control group, which was supplemented by unaffected spouses.
Clinical assessment of study subjects Study participants attended their local centre for clinical assessment by a doctor or nurse. A structured interview was conducted using a standardized pro forma and, where possible, a clinical examination was performed. Previous orthopaedic operations (self-reported) were recorded and coded using the OPCS4 [Office of Population, Censuses and Surveys Classification of Surgical Operations and Procedures (4th revision)]. Joint replacement included OPCS4 codes W37W58 inclusive. Hip replacements (W37W39 and W46W48) and knee replacements (W40W42) were identified separately. A further three participants reported a history of hip resurfacing (n = 2) or bilateral partial hip replacement (n = 1), and these were included within the definition of hip replacement. Knee hemiarthroplasty was included within the definition of knee replacement (n = 2). A validation study was carried out for 29 of 55 self-reported hip and knee replacements where plain radiographs were available; we were able to www.rheumatology.oxfordjournals.org validate 97% of self-reported joint replacements within this sample.
A history of joint pain was recorded, including site, duration and whether pain was ongoing. Two joint pain variables were then generated: (i) any joint pain, any site, ever, and (ii) joint pain for at least 1 month, still ongoing. A medication history was taken, including current use of NSAIDs. Where possible, a clinical examination for passive knee crepitus was carried out by a doctor and graded on a 4-point scale (0 = none, 1 = mild, 2 = moderate, 3 = severe), then dichotomized into none/mild versus moderate/severe.
Data were collected regarding relevant covariates including age, gender, BMI [calculated as weight (kilograms)/height (metres 2 )], menopausal status, selfreported use of oestrogen replacement therapy (ERT) and physical activity. A cumulative lifetime physical activity score (024) was derived from a questionnaire based on the best available evidence [2325] and divided into five categories for analysis. Socioeconomic position (SEP), another important potential confounder, was estimated using the Index of Multiple Deprivation (IMD); the use of area-based measures as proxies for individual level indicators is a recognized approach to estimating SEP in epidemiological studies [26] . As IMD cannot be directly compared between countries, and the majority of participants were resident in England rather than Wales, this variable was limited to English participants (n = 496). Participant postcodes were matched to Lower Super Output Areas using the Office of National Statistics Postcode Directory (August 2011) and used to obtain IMD ranks (English Indices of Deprivation 2010) [27] . These ranks were divided into quartiles compared with the whole of England (for descriptive statistics) and within our HBM study sample (for regression model).
Comparison of joint replacement in HBM with the general population
The HSE is an annual survey assessing the health of people living in England (since 1991); a stratified, random sampling strategy is used to select households for inclusion [28] . In 2005 [29] the survey focused on the health of older people and assessed adult joint replacement prevalence; more than 70% of eligible households took part. A total of 4269 individuals 565 years of age living in private households were included. As part of a structured interview, participants were asked about a history of joint replacement (yes/no), site [hip(s), knee(s) or other joint] and the indication for hip replacement only [arthritis, fracture, both arthritis and fracture, other reason (not specified)]. Hip replacements for which the indication was fracture alone were excluded; all other categories were included.
Statistical analysis
Descriptive statistics for HBM cases and controls are presented as mean (S.D.) for continuous and counts (%) for categorical data, with P values for between-group differences shown (t-test for continuous variables and 2 test for categorical variables). In this casecontrol analysis, categorical variables were initially cross-tabulated in a mean BMD Z-scores for L1, total hip and their sum were much greater in HBM cases compared with controls. Participants were less deprived than the English average, with more than two-thirds of ranks within the upper two population quartiles for IMD; however, there was no discernible difference between cases and controls (Table 1) .
OA phenotypes in HBM cases and controls
The unadjusted prevalence of joint pain was higher in cases than controls, using both definitions (Table 2) . Likewise, the prevalence of current NSAID use was more than twofold higher among HBM cases than controls. Approximately 20% more HBM cases than controls had knee crepitus; this was unchanged when participants with knee replacements were excluded. Overall, 54 participants (9.8%) reported a prior joint replacement, and the (unadjusted) prevalence of prior joint replacement surgery at the hip, knee and overall was notably higher in HBM cases versus controls (Table 2) . No reported joint replacements in either cases or controls were performed due to fracture. Only one participant had undergone a revision joint replacement. Increased odds of joint pain and knee crepitus were observed in HBM cases compared with controls, which was fully explained by age and gender adjustment (Model 2, Table 3 ). Increased odds of NSAID use were also observed in HBM cases versus controls, which persisted after adjustment for age, gender and BMI (Model 3).
In analyses adjusted for age and gender HBM cases were more likely than controls to report a history of joint replacement at any site [OR 2.60 (1. Table 4 ). Further adjustment for BMI (Model 3) failed to attenuate these associations. In the subgroup with physical activity data, further adjustment for lifetime physical activity Includes RA (n = 17), AS (n = 2), SLE with joint involvement (n = 2), PsA (n = 5), steroid-induced avascular necrosis leading to hip replacement (n = 1). Table 4 ). Additional adjustment for a range of potentially relevant comorbidities, including diabetes, hypothyroidism, gout and ischaemic heart disease, did not materially alter point estimates for joint pain, NSAID use or joint replacement (data not shown).
Sensitivity analyses were performed as follows: (i) excluding participants with underlying conditions (other than OA) possibly predisposing to the need for joint replacement (see Table 1 legend) (n = 27): the direction and magnitude of effect was similar with an adjusted (Model 3) OR for total joint replacement of 2.28 (0.97, 5.32), hip replacement 4.24 (0.93, 19.38) and knee replacement 1.21 (0.46, 3.17); (ii) excluding those HBM cases with a very extreme phenotype (a Z-score > +6, n = 30): point estimates were not materially altered although CIs were widened; (iii) excluding participants with a prior joint replacement (n = 54) from the analyses for joint pain and NSAID use: this did not materially affect point estimates for pain, but the fully adjusted (Model 3) OR for NSAID use in cases versus controls increased to 2.95 (1.34, 6.47).
Prevalence of joint replacement in HBM versus the HSE 2005
The 2005 HSE survey on the health of older people included 4269 adults 565 years of age in whom data on self-reported prior joint replacement were available for 4263 subjects (mean age 74.5 years, range 65100, 55.6% female). Mostly hip and/or knee replacement except great toe joint replacement (n = 1), bilateral ankle replacement (n = 1) and patella resurfacing (n = 1). (range 65.488.4), 37% female] (Fig. 2) . Notably, the prevalence of any joint, hip or knee replacement was similar in HBM controls and the HSE survey, whereas values were approximately twofold higher in HBM cases.
Discussion
To our knowledge, this is the first study to look specifically at the prevalence of phenotypes associated with OA in a rare group of individuals with extreme HBM. Our finding of an increased prevalence of joint replacement and NSAID use in HBM cases compared with controls is consistent with previously reported associations between OA and higher BMD in unselected individuals [611] . However, in contrast to previous observational studies, the study of HBM patients, in whom BMD is assumed to be elevated before the onset of OA, represents a novel approach to examining causal pathways between BMD and OA. Our HBM population has a high prevalence of phenotypic characteristics indicating mild skeletal dysplasia [21] , suggesting a genetic basis for their elevated BMD. Hence any increased OA risk may either represent a consequence of their HBM phenotype or arise due to genetic pleiotropy whereby BMD genes also influence OA risk. Although no previous study has systematically examined OA phenotypes in a substantial population of HBM individuals, several case series have examined this relationship in individuals with single gene disorders associated with very high BMD, producing conflicting results. For example, early-onset OA has been associated with osteoclast underactivity in autosomal-dominant type II osteopetrosis (ADOII) by several authors [30, 31] , including a female aged 16 years who required hip replacement [32] . Furthermore, a case series of 42 ADOII patients reported a hip OA prevalence of 27%, frequently requiring hip replacement [33] , but without comparison with a control population. An increased prevalence of degenerative hip and knee arthritis has also been linked with ADOII [34] . In contrast, SOST mutations causing osteoblast overactivity have not been associated with degenerative arthritis to date [35] . In adults with activating LRP5 mutations causing HBM, hip pain [36] , knee OA [37] and hip replacement [38] have all been reported in individual cases; however, a systematic assessment of OA in LRP5 HBM is currently lacking.
Mechanistically an HBM phenotype arising from increased osteoblast activity could favour increased periarticular bone formation, increasing subchondral BMD. Radin et al. [39] proposed a mechanical theory of OA initiation in which increased subchondral bone stiffness may result in shear stresses within the overlying articular cartilage, leading to cartilage damage. However, more recent observations suggest rather that OA periarticular bone is hypomineralized with reduced material density [40] . Other studies examining the presence of OA in skeletons have associated osteophytes with enthesophytes (bony outgrowths at the entheses) and eburnation [41] . These features were observed to be widespread in affected skeletons, suggesting a generalized tendency to form new bone; OA may therefore represent a systemic disorder of bone response [41] . In theory, this bone-forming phenotype could result in both acquisition of a higher peak bone mass (HBM) and abnormal response of periarticular bone to later mechanical stress leading to premature OA, particularly radiographic OA.
Alternatively, as mentioned above, genes determining BMD could also influence OA risk as a result of pleiotropy, involving a pathway independent of BMD. These could include direct effects on cartilage or on developmental processes that determine joint shape [42] . For example, the wnt signalling pathway has been implicated in OA (for a review, see [43] ) as well as BMD regulation [20] . LRP5 is a key receptor in this pathway, and direct sequencing for mutations affecting exons 2, 3 and 4 of LRP5 has identified causative mutations in a small number of HBM subjects [44] . Wnt signalling is thought to be necessary for both synovial joint formation during skeletogenesis and ongoing joint homeostasis [43] , and molecular products have been implicated in primary hip OA [45] . Furthermore, raised b-catenin (the effector molecule in the canonical wnt signalling pathway) levels are evident in knee cartilage samples in individuals undergoing joint replacement for OA [46] . However, genetic association studies of wnt pathway gene polymorphisms and OA have yielded conflicting results [4749] . It is interesting to note that the increased prevalence of joint replacement in this HBM population appears to be driven mainly by hip replacement, possibly suggesting a causative mechanism more specific to this joint (e.g. by influencing hip shape). However, due to the small numbers of outcome events when joint replacements are further subdivided by site, this needs to be interpreted with caution. Although case series suggest that of the established HBM-causing disorders, ADOII is most strongly associated with OA, underlying osteopetrosis is unlikely to explain the associations reported here, as detailed phenotypic examination (including assessment of clinical features, spine and femur radiographs and blood count measurement [21] ) did not identify any such cases among our HBM study population.
Having taken into account confounding factors, we did not observe an association between HBM and joint pain, whereas an association was seen with NSAID use. This may reflect the fact that our joint pain definitions were relatively crude and did not consider symptom frequency or severity. Knee crepitus, while common, was strongly associated with age (and to a lesser extent gender), adjustment for which markedly attenuated the relationship with HBM.
In addition to limitations in our definition of pain, our finding of an association between HBM and joint replacement, but not joint pain, may reflect the fact that joint replacement is a more specific indicator of OA or indicates more severe disease. Joint replacement surgery indications lack consensus, although most guidelines consider symptoms and functional limitation to be of central importance [50] . However, in contrast, the multicentre European EUROHIP study [50] found that among patients undergoing hip replacement for OA, symptom severity was quite variable, whereas radiographic change was moderate or severe in the vast majority. Consistent with other reports [51] , joint symptoms and radiographic OA features were poorly associated in EUROHIP, suggesting that X-ray appearances may have a significant influence on the decision to perform a joint replacement in individuals with pain [50] . As X-rays directly visualize bone only, it might be that an altered bone response in HBM individuals could lead to a more severe early radiographic appearance and hence a lower threshold for joint replacement despite similar levels of pain and symptoms; quantification of radiographic OA features in our HBM population is now planned.
Limitations
Although elevated BMD in HBM cases is likely to be genetically determined, it remains possible that confounding factors could explain our observed associations. The small number of participants reporting a prior joint replacement limited our ability to adjust for other potentially relevant factors such as ERT, which was more prevalent in HBM cases. However, most studies have suggested that ERT reduces OA risk [52] , hence ERT would most likely negatively confound (i.e. strengthen) our observed associations. Unfortunately, data concerning participant age at the time of joint replacement and use of other analgesics, including paracetamol, were incomplete. Only a proportion of HBM index cases were able to contribute family/ spouse controls, resulting in a control:case ratio of less than 1:1 and thus reducing the power of the study. An additional concern relating to our family-based recruitment strategy was the potential for joint replacements to cluster within families; however, only one family studied had more than one member with joint replacements (four individuals with hip and two with knee replacements), minimally influencing our findings.
Comparison of joint replacement prevalence in our HBM cases with the HSE 2005 population data was unadjusted and hence must be interpreted with caution. Although the age distribution was similar between the groups, the gender distribution varied, and BMI data for the HSE group were not available. SEP within HSE respondents might also be expected to be lower than in our study population and more similar to the UK population as a whole (although there is some suggestion of a bias towards higher SEP in the 71% of households that did respond to the survey, inferred from region and dwelling type) [28] . This difference could conceivably contribute to a lower number of joint replacements in HSE, given the previously observed relationship between SEP and joint replacement [53] . However, the similar prevalence of joint replacement in our family control group and the HSE provides some reassurance that the effect of this difference is likely to have been limited.
In conclusion, we have found evidence of an increased prevalence of joint replacement and NSAID use in our HBM cases compared with family and spouse controls.
Comparison with general population data from the HSE 2005 provided further evidence that joint replacement prevalence may be increased in HBM. This study adds to the existing epidemiological evidence that increased BMD is a risk factor for OA. We next plan to explore the relationship between HBM and other OA phenotypes, including radiographic OA. It is also hoped that identifying genetic mutations responsible for HBM will provide novel insights into the genetic basis of OA.
Rheumatology key messages
. Joint replacement prevalence is increased in individuals with high bone mass. . This study adds to existing evidence that increased BMD represents an OA risk factor.
